Abstract. Polystyrene (PS) based nanocomposites were prepared by melt mixing in a Brabender Plasticoder with calcium phosphate as the nanofiller. These nanocomposites showed improvement in almost all physical properties. Contact angle measurements of the composites with water and methylene iodide were carried out. Various contact angle parameters such as total solid surface free energy, work of adhesion, interfacial free energy and spreading coefficient were analysed. The interaction parameter between the polymer and the liquids has been calculated using the Girifalco-Good's equation.
Introduction
Nanocomposites are a new class of polymer materials with an ultrafine phase dispersion of the order of a few nanometers that shows very interesting properties often very different from those of conventional filled polymers [1] [2] [3] [4] . The presence of these nanoparticles improves the elastic modulus without decreasing the elongation at break and does not worsen the rheological and processing behavior and the optical properties of the polymer matrix. The main problem in the preparation of nanocomposites in the molten state [5] [6] [7] is the good filler dispersion the polymer matrix. All properties have been measured considering a possible use of these new materials for several different applications. Contact angle measurements are often used as an empirical indicator of 'wettability' and interfacial tension. True contact angle determination of a liquid-solid-vapor system satisfies Young's equation, where the wetting tension (γ lv cosθ) is equivalent to the solid surface tension (γ sv ) minus the liquidsolid interfacial tension (γ lv ) [8] . However, in most cases the contact angle exhibits hysteresis for advancing and receding liquids is due to the roughness and heterogeneity of a solid surface [9] [10] [11] . Therefore, in practical usage, the measured angle is always considered an 'apparent' contact angle. The most popular method for direct measurement of the static contact angle is the sessile drop method, where the angle is determined from the tangent made to the drop curvature at the base. For polymer production where particulates or fibers are used for reinforcement, colorant, flame retardancy or stability, understanding the wetting phenomena has considerable value in relation to the material performance. Lowering the free energy of the system, the polymer chains must preferentially interact with the filler surface, where wettability plays a dominant role in successfully achieving the desired structure [12, 13] . Park and Jin studied the effects of silane coupling agent treatments on the fiber surface properties in terms of the surface energetics of the fibers and the mechanical interfacial properties, including Interlaminar Shear Strength (ILSS) and fracture toughness (K Ic ), of the unsaturated polyester composites [14] . Saihi et al. performed the wettability studies on polyethylene terephthalate (PET) fibres according to the Wilhelmy method [15] . They obtained qualitative and quantitative indications about the degree of the water and oil repellency and of the surface free energy of the grafted surface. Yeh et al studied the contact angle behaviour of the Acrylonitrile butadiene styrene (ABS) clay nanocomposites very recently [16] . Contact angle of water on the ABS-clay nanocomposite materials increased with respect to the increase in clay content. Several other reports on the wetting phenomena on the polymer nanocomposites appeared in the literature recently [17] [18] [19] [20] [21] . Here our aim was to study the wetting behaviour of the polystyrene/calcium phosphate nanocomposites with respect to water and methylene iodide. This study focuses on the effect of weight percentage of nanofiller on wetting characteristics such as work of adhesion, total surface free energy, interfacial free energy and spreading coefficient.
Experimental

Materials
Atactic polystyrene was obtained from Polychem Bombay, India. The specific properties of the polymer are denoted in Table 1 .
Nanoparticle preparation
The nanosized calcium phosphate filler particles were synthesized using in situ deposition technique in the presence of polyethylene oxide (PEO) as follows: Firstly, a complex of calcium chloride (CaCl 2 ) with PEO was prepared in desired proportions in methanol. An appropriate stoichiometric amount of trisodium phosphate in distilled water was added to the above complex slowly without stirring. The whole mixture was allowed to digest at room temperature for 24 h when both the chloride and phosphate ions diffused through the PEO and formed a white gel like precipitate, which was filtered, washed and dried. The concentrations of PEO-CaCl 2 complex were varied in the range from 2:1, 4:1, 8:1, 16:1 and 32:1 (molar ratio) respectively. The yield of the calcium phosphate was recorded as 83 and 62% for 4:1 and 16:1 ratios respectively. The method of nanoparticle synthesis is given in Figure 1 . The particle size was measured by X-ray diffractogram and transmission electron microscopy techniques. X-ray diffractograms of the particles were measured using Philips 1140 X-ray irradiation apparatus using CuK α radiation with λ = 1.5406 Å at room temperature. TEM images of the particles and composites were measured by Philips CM200 field emission gun TEM using thin transparent sections. Nanoparticles with ~10 nm size was used for further studies (these were prepared by taking PEO and CaCl 2 in the ratio 2:1).
Nanocomposite preparation
The nanoparticles were incorporated into polystyrene by melt blending technique using a Brabender Plasticoder at 200°C with varying filler amount as 1, 3, 5, 7 and 10 wt%. The various composites are designated as P0, P1, P3, P5, P7 and P10 respectively. 
Theory and calculations
It is well known that the knowledge of surface energetics at a given temperature of a solid has recently allowed significant progress in many academic and scientific fields involving two, not identical, molecular interactions at a certain intermolecular distance, such as adsorption (gas-solid), wettability (liquid-liquid), and adhesion (solid-solid) [22, 23] . The basic equation relating the surface free energy of a solid (γ s ) and that of the liquid in contact with the solid (γ l ), the interfacial free energy between the solid and the liquid (γ sl ), and the contact angle (θ) is due to Young [24] . It is given by Equation (1): (1) In Equation (1), γ s and γ sl are not amenable to direct measurement. Plot of cosθ against the surface tension for a homologous series of liquids, γ l , can be extrapolated to give a critical surface tension, γ c , at which cosθ = 1 [25] . γ c has been taken as an approximate measure of the surface energy, γ s , of the solid. However, a limitation of this consideration is that the precise value of γ c depends on the particular series of liquids used to determine it. A more appropriate method has been presented by Fowkes considering solid dispersion forces using a geometric mean equation [26] . Later, Owens and Wendt [27] and Kaelble [28] modified Fowkes equation further by also assuming the polar attraction forces which also included the hydrogen bonding forces. Wu [29] has found a still better agreement to obtain γ s when he used a harmonic mean equation which combines both the dispersion and the polar forces. Wu's approach has been quite satisfactoriy verified by several authors [30] [31] [32] [33] [34] . In order to verify Wu's approach, two liquids of dissimilar polarity are selected. Water and methylene iodide have been reported to be a useful pair of liquids for obtaining γ s of polymers [35] . Wu's harmonic mean equations for water and methylene iodide are written by Equation (2): (2) and by Equation (3): (3) where the subscripts d and p stand for contributions due to dispersion and polar forces respectively. Data for water and methylene iodide were taken from the literature [27] . (2) and (3) with the help of a C programme. The total solid surface free energy is represented by Equation (4): (4) The work of adhesion, W A , was calculated using Equation (5): (5) where γ l is the surface tension of the liquid used for the contact angle measurement. The interfacial free energy, γ sl , was calculated from Dupré's Equation (6) [35] : (6) The spreading coefficient, S c , was determined from Equation (7) [35] :
Girifalco-Good's interaction parameter,φ, between the polymer and the liquid was determined using Equation (8) 2 . It is interesting to note the extent of broadening, from 42 to 89%. This shows the small size of crystals, which could be associated with a good molecular level mixing. Thus on comparing curve a with curve b to f in Figure 2 , it is obvious that the effect of polymer plays a prominent role in the structure and growth behaviour of calcium phosphate crystals (in the curves the y axis indicates the intensity). Since CaCl 2 is first complexed with PEO, only certain crystalline phases of calcium phosphate are allowed to grow as compared to a large number of phases getting developed in normal free precipitation. From the XRD patterns, the crystallite size was calculated using Scherrer formula, see Equation (9): (9) where k is the order of reflection, λ is 1.542 Å, the diffraction angle and Δ2θ is the full width at half maximum (FWHM). As the concentration of the PEO increases the particle size decreases. The corresponding data obtained from XRD measurements is given in Table 2 .
The TEM images of the particles are shown in Figures 3 (a-c), which are taken for ratios of 2:1, 4:1 and 32:1 respectively. The particles were made a suspension in alcoholic medium and the images were taken after laying the particles on a copper grid. The alcohol evaporated and the particles could be seen clearly in the images. The particle size distributions for each concentration were calculated using image analyzer software. On an average 400 particles were measured at a time to calculate the particle size distribution. The distribution was found to be narrow. The particle size reduction against concentration of PEO is shown in Figure 4 . The particle size reduction is attributed to the increase in the amount of oxygen atoms available from PEO matrix as we increase the concentration [37] . The reaction between calcium and phosphate ions is taking place in the 'oxygen cage' available from the PEO molecules. On increasing the concentration of the PEO molecules the number of oxygen atoms increases which will increase the amount of 'oxygen cage' considerably. This enables the suppression of the formed particles and reduces the size further. (particle size approximately 10 nm) were exclusively used for this study.
Characterization of composites
TEM images of the thin sections of the composites were analysed to see how the particles are dispersed in the matrix for the composites with 3, 5, 7 and 10% respectively ( Figure 5(a-d) ). TEM will be required to tell if nano-dispersion has been achieved. Generally, the low magnification images indicate how well-dispersed the filler is, while the high magnification images permits the identification of an intercalated or delaminated morphology in polymer nanocomposites. It is quite clear that filler is well distributed in all the styrenic polymers from the TEM images. Discrete particles of nano fillers were seen in the initial compositions (Figure 5(a and b) ). Good dispersion of fillers in to the matrix can be seen for the lower concentrations. However, it can be seen from the images, as the concentration of the filler increased, the efficient incorporation is lacking mainly due to the filler agglomeration. We can see that the particles get agglomerated upon increasing the amount of filler.
Contact angle measurements
Contact angle measurements of nanocomposites of polystyrene with calcium phosphate were done at room temperature with water and methylene iodide as the liquids. Various parameters from these measurements were calculated. At first, the contact angles were measured for each specimen for at least six to ten times. The average is taken as the contact angle for the particular specimen. Figure 6 shows the representative pictures of the measurements with methylene iodide as the liquid. In 6(a) the contact angle for the neat polystyrene is given and 6(b), (c) and (d) represents the same for P3, P5 and P10 respectively. Here the tilt angle is always kept as 0 and an average of the left hand side and right hand side contact angles is given as the true contact angle. In most of the measurements the left and right hand side values are similar. The measurements were done at room temperature with respect to the filler loading. For water the neat polymer show a contact angle equal to 90°. While increasing the filler content the contact angles decreased to around 78° as shown in Figure 7 . Polystyrene is basically a hydrophobic polymer and thus the high value of contact angle is justifiable. Calcium phos- phate incorporation into the matrix decreases the contact angle. This means that the hydrophilicity is increased for polystyrene. The surface of the composites contains some of the nanofillers added and this eventually decreased the hydrophobic nature. But the amount of fillers has not much effect on the contact angle. For all the composites the contact angles remains almost constant around 78°. In the case of methylene iodide also the hydrophilic nature of the matrix increases. For the neat polymer surface the contact angle is around 30°. On the addition of nanofillers it increased to around 38°f or all compositions. Both these results complement each other. The work of adhesion, W A , for the nanocomposites for both liquids is shown in Figure 8 . W A is actually the work required to separate the solid and liquid depends solely on the contact angle and the surface tension of the liquid. Thus the W A for water increases and for methylene iodide shows the reverse trend. The magnitude of difference between the neat polymer and the nanocomposites are much higher for water compared to methylene iodide. Generally the work of adhesion can be correlated to the filler matrix interaction of filler with a liquid comparable with the matrix polymer. Here we try to correlate the work of adhesion of the nanocomposites with the filler matrix interaction even though the liquids selected do not mimic the virgin polymer completely. The TEM figures showed the efficient dispersion of nano fillers up to 5 % and agglomeration for 10% loading ( Figure 5(a-d) ). Thus the effective dispersion of nanofillers into the matrix might have caused increase in the work of adhesion which is the work required to separate the liquid from the solid surface. Figure 9 shows the variation in total solid surface free energy, γ s , with respect to the filler loading. When we increase the filler loading the total solid surface free energy increases which means that the wetting of liquids is high compared to the neat specimens. Also the dispersive and polar components were calculated by solving the harmonic mean equations given earlier. For neat PS the γ s value was 46.3 and it increased up to 48.6 for the 5% filled composites. This means that the nature of the forces acting on the surface of the composites is different. From Table 3 , we can see that the values decreased compared to the neat polymer for all values show much difference from neat matrix. The polar forces acting on the surface of the composites increased compared to the neat polymer and thus the total solid surface free energy increased. Again for the 10% filled systems the value is slightly lower compared to other filled compositions, which accounted for the decrease in the total solid surface free energy. The filler dispersion in the polymer matrix may also have affected the surface properties. Here the initial loadings have good dispersion behaviour while particle agglomeration occurred in the higher loading. This might have caused the decrement in values for the 10% loading. So the hydrophilic nature of the composites became more prominent with the nanofiller addition. On the whole, the γ s values show not much difference for all the compositions. The interfacial free energy between the polymer surface and the test liquids, water and methylene iodide, were calculated and the curves are shown in Figure 10 . The behaviour of the curves is just opposite to each other as one is polar and the other is non-polar. For water, γ sw , decreases with respect to the filler loading and shows a minimum for 5% filled system. For methylene iodide, γ sm , increase from the neat sample, reaches a maximum for 5% filled systems and decrease for the higher filled systems. In Figure 11 the spreading coefficient of the liquids; according to Equation (7); with respect to the filler loading is given. If the value is positive, the implication is that the liquid will spontaneously wet and spread on a solid surface and if it is negative the lack of wetting and spreading can be ascertained. This means the existence of a finite contact Figure 11 . Variation of spreading coefficient of water and methylene iodide with respect to filler loading angle (θ>0). From Figure 11 , we can deduce that as we increase the filler content the spreading coefficient values for water become less negative and for methylene iodide the reverse is true. Thus, the wetting increased for water with the addition of fillers indicating more hydrophilic nature. In the case of methylene iodide spreading coefficient became more negative and wetting will be difficult on the surface. Comparing water and methylene iodide, the less negative value is given by methylene iodide, which means that it is a better wetting agent for the current composites. In order to understand the degree of interaction between the test liquid and polymer surface, Girifalco-Good's interaction parameter was calculated using the Equation (8) and the values are given in Table 3 . Generally a higher value indicates greater interaction and vice versa. φ w and φ m are the Girifalco-Good's interaction parameters due to water and methylene iodide, respectively. From the values one can see that the interaction between methylene iodide and polymer surface is more compared to water and the surface. For water as we increase the filler loading the parameter show increase and for methylene iodide the interaction parameter show a slight decrease. Thus, for the polar liquid the interaction between the polymer surface and liquid increase while the opposite is shown for the non-polar liquid. This is can be evidenced also from Figure 10 showing the behaviour of interfacial free energy of the composites for both the liquids. The variation of the contact angle of water with time on the surface of the neat PS and nanocomposites were analysed. The curves are shown in Figure 12 . All curves show similar behaviour. In the initial region we can see a sharp decrease in contact angle. Thereafter the contact angles regularly decrease and after a long time it levels off. The surface of the specimens and the liquid have some interaction over a time of period and after reaching a saturation point the value becomes constant. The surface free energy of polymers and polymer composites decays due to the conformational alterations and surface restructuring as the contact time of the liquid increases [38, 39] . Lavielle and Schultz [38] have noted in acrylic grafted polyethylene samples undergo surface free energy changes when it is in long-time contact with water. In this case initially increased and then decreased, γ s d whereas decreased continuously with the contact time. In this context, the filler addition in PS may also bring about some surface restructuring. In addition to this the presence of carbon dioxide in the atmosphere may also affect the lowering of contact angles. Also the presence of filler particles on the surface may lower the contact angle over a period of time.
Conclusions
Polymer induced crystallization technique is employed to prepare nanoparticles of calcium phosphate with spherical morphology. The particles were incorporated in polystyrene by the melt blending technique. The transmission electron microscopic studies of the composites revealed good dispersion upto 5% of the filler loading. Contact angle measurements of polystyrene/calcium phosphate nanocomposites with water and methylene iodide were studied to know surface properties of the composites. The contact angles for water got decreased while the reverse trend was shown by methylene iodide. The hydrophilic nature of the composites increased with the addition of nanofillers due to presence of fillers on the surface. The solid surface free energy of the composites decreased and thereby increases the work of adhesion. The interaction between the liquid and solid surface became high compared to the neat polymer. With respect to time the contact angle of water decreased for sometime and leveled off which indicated some interaction between the surface and water. Methylene iodide showed less negative value for the spreading coefficient than water and it 
